Aims: To evaluate a polymerase chain reaction (PCR) based assay to detect fungi in scrapings from infected corneas. Methods: A PCR assay was developed to amplify a portion of the fungal 18S ribosome gene. Corneal scrapings from 30 patients with presumed infectious keratitis were evaluated using this assay, as well as by standard microbiological techniques, and the results were compared. Conjunctival swabs from each patient's healthy, fellow eye were also evaluated by PCR. Results: PCR and fungal culture results matched (were both positive or both negative for fungi) in 22 (74%) of 30 scrapings from infected corneas. Three (10%) of 30 samples were PCR positive but fungal culture negative; two of these appeared clinically to represent fungal infections, and the third was clinically indeterminate. Four (13%) scrapings were positive by PCR but also by bacterial and not fungal culture. One specimen (3%) was PCR negative but fungal culture positive. Of the conjunctival swabs from each patient's healthy fellow eye, five (17%) of 30 were positive by PCR, and the opposite, infected eye of all five of these harboured a fungal infection. Conclusions: PCR is promising as a means to diagnose fungal keratitis and offers some advantages over culture methods, including rapid analysis and the ability to analyse specimens far from where they are collected.
I nfectious keratitis causes extensive ocular morbidity worldwide. The true extent of visual impairment from this condition is thought to far exceed the recognised prevalence, particularly among agricultural workers in the developing world, where a "silent epidemic" of corneal blindness has been postulated. 1 Fungal corneal infections in particular occur most frequently in individuals who work in agriculture. 2 3 This condition is also associated with diabetes mellitus 4 and the acquired immune deficiency syndrome (AIDS). 5 Standard microbiological techniques for diagnosing microbial keratitis rely on culturing the organisms in nutrient media. The frequency of apparent diagnostic failure (that is, no organism is isolated though an infection is clinically evident) ranges from 20% 6 to 60%. 7 An additional problem is that such techniques require days to weeks for complete results, which can significantly delay appropriate treatment.
The potential utility of polymerase chain reaction (PCR) based techniques for improving the diagnosis of ocular infection is well recognised, 8 9 and the use of PCR for this purpose is expanding. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Assays targeting Candida, Aspergillus, and Fusarium have been tested preliminarily in vitreous specimens, 28 29 and recently an assay using panfungal primers has been used more extensively in India. 30 A PCR assay has also been applied to detect Fusarium in rabbit corneal infections. 31 The current study aims to (1) use PCR to detect fungal DNA in corneal scrapings from patients clinically suspected to have fungal keratitis; (2) compare the diagnostic accuracy of PCR analysis and standard microbiological techniques for diagnosing keratomycosis; (3) evaluate the practicality of PCR as a diagnostic method in field or epidemiological studies of ocular surface infections.
MATERIALS AND METHODS

Clinical specimen collection and processing
Patients who presented to the LV Prasad Eye Institute (LVPEI) in Hyderabad, India, with eye findings suspicious for fungal keratitis, were eligible to contribute cornea samples for this study. Thirty such patients submitted samples between March and June 2000. Patients with bilateral disease were excluded. No patients acknowledged using antibiotic or antifungal eye drops before presentation. Scrapings from an affected area of each infected cornea were obtained with a flame sterilised platinum spatula, and were streaked onto an agar plate. The platinum spatula was then rinsed in 250 µl of 1X magnesium free PCR buffer (Promega, Madison, WI, USA) in a 1.5 ml vial, flame sterilised, cooled, passed again across the cornea, streaked across another agar plate, rinsed again in the same 1.5 ml vial, and again sterilised and cooled. This process was repeated for each of three agar plates and one nutrient broth vial used as part of the LVPEI standard microbiological investigation. The 1.5 ml vial was stored at −70°C for up to 3 months until being sent to the Yale Eye Center for PCR analysis. Specimens were stored at ambient temperature during transport. Upon arrival, specimens were frozen at −20°C for up to 4 weeks until testing.
For comparison purposes, a specimen was obtained from the fellow eye of each patient by rubbing a nylon swab along the inferior conjunctival fornix after instilling a topical anaesthetic. This swab was then immersed in a separate vial containing 250 µl of 1X PCR buffer. This vial was stored and transported to the Yale Eye Center together with that from the fellow infected eye.
Standard microbiological testing of scrapings from infected corneas at the LVPEI included fungal smears and solid and liquid media that support the growth of fungi, bacteria, and acanthamoeba. These techniques have been reported elsewhere. [32] [33] [34] [35] Briefly, corneal scrapings were plated on blood, chocolate, potato dextrose, and Sabouraud's dextrose agar, and incubated at appropriate temperature and conditions for 7-14 days. Gram, Giemsa, 10% potassium hydroxide, and calcofluor white stained slides were also prepared and examined by light microscopy. Fungal isolates were considered positive if (1) growth was consistent with smear results, (2) a fungus was grown in two or more media in the absence of fungus on smears, or (3) a fungus was grown in at least one medium in the presence of fungus on smears.
All patients over the age of 18 years gave verbal consent for participation in this study, and parents gave consent for younger patients. This study was approved by the institutional review boards of the LV Prasad Eye Institute and Yale University School of Medicine. Corneal scrapings were transported to the United States with permission from the Centers for Disease Control.
PCR amplification strategy
The PCR reaction utilises two rounds of DNA amplification. Primers for primary amplification were selected based on an alignment of published DNA sequences of Candida albicans (Genbank accession No AF 114470), Aspergillus fumigatus (AF 138288), and Fusarium oxysporum (AF 141951). Alignments and all primer selection were performed using the Lasergene sequence analysis software (Dnastar Inc, Madison, WI, USA). These primers amplify a portion of the 18S RNA gene that was found on alignment to be similar among these three target fungal species. This amplified segment is between 800 and 900 base pairs (bp) long for all three species, and is hereafter referred to as the "common segment" (see Fig 1) . The sequence of these primers is shown in Table 1 .
For the second round of PCR, each specimen was amplified with three different primer pairs separately. These nested primers pairs were chosen within variable regions in the common segment (see Fig 1) . The nested primers for A fumigatus and F solani target the same variable region, and the C albicans nested primers target a separate DNA variable segment. Based on the aligned DNA sequences, the nested primers for each species exclude the other two (for example, A fumigatus nested primers do not match the C albicans or F solani DNA sequences, etc).
PCR optimisation
The PCR assay was optimised using dilute suspensions of fungal isolates in sterile, deionised water. Fungal isolates were obtained from the clinical laboratories of Yale New Haven Hospital and the LVPEI. The suspensions were overlaid with mineral oil and heated in thin walled PCR tubes for 20 minutes at 94°C to lyse the fungi. Reagent mixtures containing the appropriate primers were added after heat extraction of the sample DNA. For the second round of amplification, the amplified common segment was diluted 1/500 in sterile water, and 25 µl of this diluted product were used as template DNA for each of three nested reactions, each of which contained a species directed primer pair. The reaction product was resolved by electrophoresis using 2% agarose gels containing ethidium bromide, 0.375 µg/ml. A PCR result was considered positive if a DNA band of the predicted length for the primers used was present.
Determining the sensitivity of the PCR assay The lower limit of detection of the PCR assay using 30 rounds each of primary and nested amplification was determined using serial dilutions of quantified fungal suspensions. Fungal suspensions were quantified microscopically using a haemocytometer. When quantifying filamentous fungi, any hyphal element, conidiospore, or particle thereof was counted as a fungal element.
Determining the specificity of the PCR assay Each set of primer pairs was used to assay the following fungal species: C albicans; C parapsilosus; Torulopsis glabrata; C krusei; C tropicalis; A fumigatus; A flavus; A niger; A versicolor; F solani; Corvularia species (spp); Alternaria spp; Penicillium spp; Cladosporium spp; Saccharomyces cerevesiae, and Cryptococcus spp.
The PCR assay was also tested using reference strains of Staphylococcus aureus, group B Streptococcus, Enterococcus faecalis, Klebsiella spp, Pseudomonas aeruginosa, Bacillus cereus, and Escherichia coli, and clinical isolates of Nocardia spp.
Clinical specimen analysis
In preparation for PCR analysis, specimens from LVPEI were thawed at room temperature, and centrifuged for 6 minutes at 13 000 rpm. Fifteen µl were removed from the bottom of the centrifuged vial, and used for PCR analysis. PCR reactions were run in 25 µl volumes using 200 µl thin walled PCR tubes. Fungal DNA extraction, two rounds of nested PCR amplification, and target product identification were performed as described above for test isolates.
RESULTS
PCR sensitivity
Clear DNA signals were produced from as few as 38 C albicans organisms, and five A fumigatus (see Fig 2) or 10 F solani elements. The PCR products of amplification from each species were sequenced, and found to match the predicted target sequence. The primers for each of these three designated species always yielded a target band when sufficient organisms of that species were known to be present.
PCR specificity
The primer pairs were variably cross reactive among filamentous fungi. Primers designed to amplify A fumigatus generated product DNA bands of the predicted length from several filamentous species tested, including most Aspergillus and some Fusarium species. This cross reactivity varied among isolates of the same species. Primers designed to amplify F solani also showed cross reactivity within and among various filamentous fungal species. Cross reactivity of these primers with yeast was not observed.
Primers based on C albicans generated a target band from multiple fungal species of all types, and this cross reactivity also varied between isolates of the same species. No bacteria sustained DNA amplification by this PCR assay. As such, this PCR assay appears to differentiate filamentous fungi from yeast, without further taxonomic specificity.
Clinical specimens
Thirty clinical specimens were evaluated by PCR and by culture techniques. The results are shown in Table 2 . Of the 30 specimens analysed, fungal keratitis was definitively diagnosed by culture in 16 (53%). Fifteen (94%) of these 16 specimens were PCR positive. One specimen (3% of the 30 total) was fungal culture positive but PCR negative-an apparent "false negative" PCR result. Fourteen (47%) of 30 specimens were fungal culture negative, and seven (50%) of these 14 were also PCR negative.
Seven patients' corneal scrapings were PCR positive but fungal culture negative (see Table 2 ); their clinical charts were reviewed. Based on the result of fungal staining and their response to antimicrobial treatment, two patients appeared clinically to have fungal keratitis despite negative fungal culture results. Four patients were judged clinically to have bacterial infections, and one patient was lost to follow up with an uncertain clinical course. Among the 16 culture positive specimens (see Table 2 ), five harboured Fusarium in culture, two had Aspergillus, and eight culture isolates were not speciated. No specimen was found in culture to harbour yeast, and no specimen was positive with only C albicans primers.
Of the seven specimens negative by both PCR and fungal culture (see Table 2 ), four showed bacterial growth, two grew Acanthamoeba, and one had no growth.
All 30 specimens were examined by light microscopy with fungal staining, and 19 (63%) showed fungi. Three (16%) of these 19 specimens showed fungi on smear but were fungal culture negative, and two of these three specimens were PCR positive.
Conjunctival swabs from the fellow eyes of all 30 patients were analysed by PCR. Five (17%) swabs were PCR positive, and the opposite, infected eye in all five cases was found to harbour fungus. In one of these five patients, the corneal scraping from the opposite, infected eye was PCR negative but fungal culture positive (the apparent false negative PCR result).
DISCUSSION
This study demonstrates that fungi can be detected in infected corneas using PCR techniques. Advantages of PCR as shown here include greater speed than culture methods, and the ability to analyse specimens far from where they are collected. Limitations to the PCR assay used in this study include suboptimal specificity and the inability to identify and test the drug sensitivities of fungal pathogens.
The PCR assay used in this study requires 4 hours to generate results, significantly faster than the 2 days to 2 weeks required by any fungal culture technique. While fungal smears can be analysed by light microscopy in minutes, the effectiveness of this technique is more variable, and the results are not definitive. The ability of PCR based assays to detect or rule out the presence of fungi in less time would represent an advance in the management of ocular infections, and may also facilitate efforts to recognise and study fungal keratitis.
PCR allows investigators to analyse specimens far from where they are collected, and thus offers a significant advantage for those conducting field or epidemiological studies of fungal keratitis. PCR in this study enabled collaboration between centres in India and the United States; corneal surface samples were sent across the world for PCR analysis, without special packaging or shipping arrangements. Analysis of these specimens by culture techniques after shipment would have been impossible. While clinical samples of larger size (for example, stool samples) are occasionally shipped long distances on ice for culture analysis, 36 the minute quantities of micro-organisms present in ocular surface scrapings would generally not survive long range shipment.
The sensitivity of PCR approximated that of standard culture methods for detecting fungi in ocular surface scrapings in this study. PCR and fungal culture results were either both positive or both negative in 22 (73%) of 30 case specimens. In two (7%) case specimens, PCR detected fungi where no organism was found in culture. Both of these patients appeared clinically to have fungal infections, and fungi were present on KOH smear for both. As such, PCR in this study did not increase diagnostic sensitivity to the extent shown in other comparisons with standard culture methods. 37 38 However, given the paucity of precedent for using PCR to diagnose infectious keratitis in a clinical setting, and allowing for refinement and optimisation of multiple aspects of the PCR system, this technique holds promise as a diagnostic method for ocular surface infections.
The specificity of the PCR assay in this study is probably not adequate for clinical use. PCR appears to have yielded falsely positive results in at least four (14%) case specimens that grew bacteria in culture. Although our laboratory protocol did not enable us to run PCR on these bacterial isolates to rule out non-specific primer targeting, we consider it quite unlikely, based on pretrial testing, that this assay would generate positive results on non-fungal organisms. Clearly, the ocular surface is not germ free, and a high non-specific yield may be due to innocuous flora on the cornea or in the tear film, though laboratory contamination is always a possibility. Previous studies have suggested that antibiotic use or the mere presence of ocular inflammation could increase the level at which fungi are detected on the ocular surface. 39 40 We expect that increasing the stringency of the current PCR assay would result in detecting fewer colonising organisms, and increased specificity.
The observation that fungal DNA was found by PCR in the healthy fellow eyes of five patients with fungal keratitis further highlights this issue. This interesting finding also suggests that fungal infection in one eye may increase the level of fungal colonisation of the fellow eye. It is noteworthy that in one of these five cases, the infected eye was culture positive but PCR negative, suggesting possible error (by switching vials) during specimen collection.
The PCR assay used here does not enable precise identification of fungal pathogens, or the ability to test isolates for drug sensitivity. From a practical standpoint, this would probably be an acceptable limitation in an otherwise highly sensitive and fungi specific assay. Particularly in the tropics, where the vast majority of keratomycosis occurs, almost all infections result *Percentages of the total of 30 specimens are shown in parentheses †Specimens were considered to be "PCR positive" if a positive DNA product was obtained using any 1 of the 3 primer sets described.
‡These fungal culture isolates were examined microscopically and recorded as "hyaline" or "dematiaceous." They were not speciated.
from filamentous organisms, [41] [42] [43] for which treatment is nearly uniform. In non-tropical areas, the differentiation between yeast and filaments is necessary to direct therapy. The current PCR assay appeared to make this differentiation in initial testing on known specimens, although no yeast infections occurred among the clinical cases to test this. Nevertheless, advancing understanding of fungal molecular genetics offers the potential for molecular diagnostic assays to precisely identify fungal pathogens and genes that code for antifungal drug resistance. The assay used here is but a start in that direction. The cost of PCR to diagnose infections generally exceeds that of conventional culture methods, a factor that currently limits its widespread use. 44 45 The added expenditure may be merited in certain research settings such as those in which specimens must be analysed far from where they are collected, as shown in this study, or in studying the epidemiology of certain infections where culture techniques are known to lack sensitivity. For clinical purposes, the cost-benefit assessment of PCR may improve as the technology becomes more widely available, the technique more automated, and the decreased morbidity-and hence cost-afforded by its use more evident.
Jaeger et al have used a PCR assay similar to that shown here in testing endophthalmitis specimens. 29 The PCR primers used in their study also target the 18S ribosome, though the primer sequences are different. At the time that our PCR primers were developed, alignment of available fungal DNA sequences suggested that ribosome genes were logical targets for PCR amplification of DNA segments common to multiple fungal genuses but containing genus specific intervening variable regions. Currently, the continually expanding database of fungal gene sequences offers the opportunity for improved primer targeting and design.
PCR has been shown in non-ophthalmic settings to enable the detection of infectious pathogens in patients who had already received antimicrobial treatment or were cultured late in their illness. 46 We were not able to address this issue in our study, since all of our patients presented acutely and none had used antifungal agents before presentation. None the less, we feel that PCR may prove particularly useful for this purpose in the setting of ocular surface infections, where previous topical antimicrobial therapy frequently complicates diagnosis by culture.
Our findings suggest that PCR is a potentially valuable tool for diagnosing keratomycosis. A variety of modifications in the PCR protocol, including specimen collection, primer design, thermocycling parameters, and resolution of the product DNA merit modification. Optimisation will also require ongoing evaluations in multiple clinical settings with more rigorous control specimens for comparison. Eventually, PCR might solidly complement the current "gold standard" diagnostic techniques for guiding management or supporting research studies of fungal keratitis. 
